Thermal performance curves (TPCs) are used to predict changes in species interactions, and 24 hence range shifts, disease dynamics and community composition, under forecasted climate 25 change. Species interactions might in turn affect TPCs. Here, we investigate whether 26 temperature-dependent changes in a microbial host-parasite interaction (the bacterium 27
Introduction 36
An often overlooked concern surrounding climate change is its impacts on host-parasite 37 interactions 1 . The effect of temperature on such interactions is likely widespread, as 38 temperature influences the physiology, ecology and evolution of both hosts and parasites [2] [3] [4] [5] . 39
However, the sign and strength of the effects of warming on host-parasite interactions will be 40 context dependent, changing with the host, parasite and environmental conditions in question. 41
One approach to predict the potential impacts of warming on host-parasite interactions has 42 been based around thermal performance curves (TPCs) of, and differences between, key host 43 and parasite traits 2,6,7 . For example, it has been argued that as hosts generally have a narrower 44 thermal range and lower thermotolerance than their parasites 8-10 , they are more susceptible to 45 disease at temperatures further away from their optimum temperature. 46
An inevitable consequence of temperature dependent changes in host-pathogen 47 interactions 11 is a change in the host's TPC in the presence, versus the absence, of the parasite. 48
For example, if the largest impact of the parasite occurs at the host's optimum growth 49 temperature, key traits such as maximum growth rate and optimum temperature of the host 50 could change. In addition to the ecological feedbacks resulting from differences in the thermal 51 performance of host and parasite traits, rapid (co)evolution of resistance and infectivity traits 52 could play a major role in altering TPCs. Crucially, TPCs of hosts and parasites are typically 53 assumed to be fixed across time and in different abiotic and biotic environments 7,8,12,13 , but the 54 presence of a predator can alter the TPC of the prey 14 and the prey's evolutionary response to 55 warming 15 . If parasites affect the thermal performance of their host, this may alter some of the 56 predictions of range shifts and disease dynamics expected under climate change. 57
To date, most experimental and theoretical work on the thermal performance of 58 organisms is done on single species, where naturally occurring parasites, symbionts and 59 microbiota are greatly or completely removed [16] [17] [18] . Consequently, it is unknown if parasites 60 alter the TPC of host fitness and influence key traits such as the optimal, %&' , and cardinal (critical thermal maximum, )*+ , and minimum, ),-) temperatures of host growth. 62
Understanding these potential impacts is critical to assess the effect of climate change on 63 ecological and evolutionary dynamics of host-parasite pairs, as well as predicting the 64 consequences of novel host-parasite interactions that will occur in a warmer world. Here, we 65 explicitly determine how and why interactions with a parasite affect host thermal performance 66 in arguably the most common host-pathogen interaction on the planet: that between bacteria 67 and their viruses (bacteriophage). 68
We focus on a well-studied system, the bacterium Pseudomonas fluorescens SBW25 69 and its phage, Φ2. This system has been used extensively for studying bacteria-virus 70 ecological and evolutionary interactions [19] [20] [21] [22] . Over a wide range of temperatures, we measured 71 the replication rate of the phage and the growth rate of the bacteria in the presence and absence 72 of the phage. We utilised the 'traits' that underpin TPCs to compare biologically meaningful 73 parameters. We hypothesised that any large difference in thermal performance of bacteria and 74 phage would change the thermal performance of bacteria in the presence vs. the absence of 75 phage. Given the importance of evolution occurring over ecological timescales, especially in 76 microbial populations with large population sizes and short generation times, we also 77 investigated evolutionary changes in host populations to determine whether resistance 78 evolution explained any changes in host thermal performance. 79 80
Results

81
Bacteria and phage had mismatches in their thermal performance. We measured phage 82 replication rate and bacterial growth rate across eight temperature (15 -37 ºC) to determine 83 whether there were mismatches in the thermal performance of the host and its parasite. To do 84 this, we modelled the thermal performance curve of each rate and used estimated and derived 85 parameters of the model (see Equation 2 in Methods) as traits that we used to compare the 86 thermal responses of bacteria and phage. Phage replication rate increased to a thermal 87 optimum, %&' , of 27 ºC (95% credible intervals [CI]: 26.5 -27.5 ºC) before rapidly declining 88 to a negative replication rate by 30 ºC (Fig. 1a ). The critical thermal maximum, )*+ , of 89 phage replication was 29.2 ºC (95% CI: 29.0 -29.4 ºC), beyond which phage decreased in 90 abundance over 4 hours (Fig. 1a ). This indicated that phage struggled to infect the host at 91 temperatures beyond their %&' , which was similar to previous work that measured the 92 coevolution of this bacteria-phage system across temperatures 22 . The bacteria, Pseudomonas 93 fluorescens, had a similar optimum temperature ( Fig. 1b [blue]; %&' = 28 ºC; 95% CI: 27.1 -94 29.0 ºC), but growth was maintained well beyond %&' , with high growth rates still occurring 95 at 35 ºC ( Fig. 1b ), > 6 ºC above the )*+ of the phage. This could act as a high temperature 96
refuge for the bacteria as phage infection at these temperatures is extremely low. Due to these 97 thermal mismatches between the infectivity range of phage and the growth range of bacteria, 98 it was expected that the parasite would alter the thermal performance of its host. 99 100 Phage altered the thermal performance of its bacterial host. Due to the thermal mismatches 101 between bacteria and phage, we explored whether phage altered the thermal performance of its 102 host. To do this, we measured the growth rate of bacteria in the presence and absence of the 103 phage and compared key traits that underpinned the thermal performance curve (see Methods). 104
We observed marked differences in the response of bacteria to temperature when in the 105 presence of its phage ( Fig. 1b & Table S1 ). Phage increased the optimum temperature of 106 bacterial growth ( Fig. 2c ), shifting %&' from 28 ºC (95% CI: 27.1 -29.0 ºC) to 30.6 ºC (95% 107 CI: 29.0 -32.1 ºC). This shift in %&' resulted in a 20.1% (95% CI: 13 -27.3%) decline in the 108 maximal growth rate, )*+ , in the presence of phage ( Fig. 3d ), as the largest impacts of phage 109 on bacterial growth occurred at temperatures where growth was highest ( Fig. 1b & Fig. 2a ). To 110 better understand the non-linear, temperature dependent effect of phage on bacterial growth, 111
we calculated the relative fitness of bacteria in the presence of phage across temperatures (see Methods; Fig. 2a ). Differences were greatest at intermediate temperatures where growth in the 113 absence of phage was fastest ( Fig. 2a , where relative fitness was <1), whereas no significant 114 change in growth rate was observed at the low and high temperatures measured (credible 115 intervals of predictions overlap 1). The non-linear changes to bacterial growth also resulted in 116 differences in other key traits (Table S1 ) such as the activation energy ( ; Fig. 3b ) and the 117 deactivation energy ( 4 ; Fig. 3e ). Consequently, the rapid decline of phage replication at temperatures above 30 ºC, while 124 bacteria still had high growth rates, could explain the shift to a higher %&' of the bacteria in 125 the presence of phage. However, bacteria can rapidly evolve resistance to phage within the 126 timescales of our assays, and this has been demonstrated in our host-parasite pair 23,24 . If, as 127 expected, resistance is costly, and resistance does not evolve at temperatures beyond the phage 128 did evolve at these temperatures, it was at very low frequency (1 clone out of 12). We found 139 no bacteria still living at 37 ºC after 48 hours, indicating that although growth occurs at those 140 temperatures, this is quickly proceeded by death. 141
At temperatures where phage altered the growth rate of bacteria (25, 28 & 30 ºC), we 142 observed significant changes in the proportion of resistance through time (see Table S2 for 143 pairwise differences of resistance through time for each temperature). Resistance evolved and 144 was at high proportions after 12 or 24 hours where populations were still in exponential growth 145 phase. However, after 48 hours, when populations had reached stationary phase at all 146 temperatures apart from 15 and 20 ºC ( Figure S3 ), the proportion of resistance decreased 147 significantly ( Fig. 4c ). From 24 to 48 hours, 25 ºC resistance fell from 0.89 (95% CI: 0.83 -148 0.94) to 0.69 (95% CI: 0.60 -0.78), at 28 ºC from 0.89 (95% CI: 0.83 -0.93) to 0.48 (95% CI: 149 0.40 -0.57) and at 30 ºC from 0.77 (95% CI 0.68 -0.83) to 0.17 (95% CI: 0.11 -0.25). This 150 temporal effect did not occur at low and high temperatures where there was little effect of 151 phage on bacterial growth rate ( Fig. 2a & Table S2 ), suggesting that there was a non-linear cost 152 of resistance across the temperature range. 153
To confirm whether there was a cost of resistance and if any cost varied with 154 temperature, we isolated three clones from 12 independent replicates that were grown for 12 155 hours at 28 ºC with and without phage to produce resistant and susceptible clones. After 156 checking for resistance, we measured the thermal performance of resistant and susceptible 157 clones in the absence of phage. The thermal performance of resistant clones differed from that 158 of susceptible clones ( Fig. 4 ), closely matching the patterns observed when bacteria were 159 grown with phage ( Fig. 1b & Fig. 2a) . At low and high temperatures, there were no differences 160 in the growth rate of resistant and susceptible clones ( Fig. 4) . However, at temperatures where 161 growth of susceptible clones was highest (25 -30 ºC), there was a cost of resistance ( Fig. 4b) , 162 resulting in a 13.4% (95% CI: 6.8 -20.2%) reduction in maximal growth rate. This temperature 5b). There was no difference in the optimum temperature between resistant and susceptible 165 clones. Taken together, these results explain how ecological and evolutionary impacts of phage 166 can alter the thermal performance of their host. 167 168
Discussion 169
Here, we show that the presence of a parasite can profoundly impact the thermal performance 170 of its host. Notably, phage reduced bacterial growth most at temperatures where the bacteria 171 grew fastest, close to the bacterial )*+ , while having little or no impact at cold or high 172 temperatures beyond %&' (Fig. 1 & Fig. 2 ). This resulted in a higher optimum temperature for 173 bacterial growth in the presence of phage ( Fig. 2b) . These results can be explained by a 174 combination of ecological and evolutionary processes. At temperatures below the critical 175 thermal maxima of the phage, phage epidemics vastly reduced bacterial abundance. In contrast, 176 phage could not infect above 30 ºC, but bacteria still had high growth rates, which resulted in 177 a higher optimum temperature for the host in the presence of phage. However, rapid evolution 178 also played an important role in altering the thermal performance of P. fluorescens. While 179 phage resistance evolved rapidly at all temperatures below the phage )*+ , at higher 180 temperatures there was no selection for resistance ( Fig. 3) . Critically, there were costs 181 associated with resistance, but these costs changed non-linearly with temperature ( Fig. 4 ). At 182 low temperatures and temperatures far beyond the bacteria %&' there was no measurable cost 183 of resistance, but significant costs of resistance at temperatures where bacteria growth was 184 highest (Fig. 4) . It is worth noting that costs of phage resistance were also greatest at the 185 optimum temperature in another well studied bacteria-phage system; Escherichia coli and 186 bacteriophage T4 25, 26 . 187
How general are these results likely to be? We suggest that parasites (and symbionts 188 more generally) impacts on host TPCs are likely widespread, because no change in host TPC 189 would occur only when host and parasite traits respond equivalently with temperature. In reality, there are almost certainly mismatches between host and parasite TPCs, and rapid 191 (co)evolutionary interactions between hosts and parasites, and differences in local adaptation 192 to prevailing temperatures, appears to be the norm 6,27 . However, as with the effect of changing 193 temperature on disease severity, precisely how TPCs will change will be context dependent. 194
For example, we found the phage had a lower )*+ than the bacteria; a finding in contrast to 195 recent work arguing that viruses and smaller organisms typically have broader thermal ranges 196 and higher thermotolerances than their hosts 9,10 . 197
In conclusion, our study demonstrated that host-parasite interactions change in non- diluted to ~ 50,000 cells per 10 µL (5 x 10 6 cells per mL). Growth curves were measured in 96 218 well plates, with 180 µL of altered M9 (described above). We inoculated wells with 10 µL of 219 bacteria and either 10 µL of M9 or 10 µL of phage (~50 phage) giving a multiplicity of infection 220 (MOI) of 0.001. We left 6 wells free for both bacteria and bacteria plus phage treatments at 221 each temperature as blank controls. We set up 6 replicates of bacteria and bacteria plus phage temperatures around the optimum of phage replication. First, isogenic P. fluorescens was 233 grown overnight in conditions described above. The bacteria were transferred into fresh media 234 at 28 ºC and allowed to grow for 6 hours while shaking to increase density. We then added 20 235 µL of phage (~ 10 6 ) to each tube (six replicates per temperature). Vials were left static for 4 236 hours at each temperature, after which phage was extracted using chloroform extraction. 100 237 µL of chloroform was added to 900 µL of culture, then vortexed and centrifuged at 10000 g 238 for 5 minutes. The supernatant was removed and placed in fresh Ependorf tubes. Phage titres 239
were measured using plaque assays against the ancestral bacteria at 28 ºC.
Measuring resistance of bacteria. To investigate the mechanism behind any effect of phage 242 on bacterial growth, we measured the resistance of bacteria within a single growth curve. We 243 set up 18 wells of 96 well plates at 8 temperatures that contained ~50,000 cells and ~50 phage 244 (as described above). We then destructively sampled 6 wells at three time points through the 245 growth curve (after 12, 24 and 48 hours). To do this, 20 µL of each well was placed in 180 µL 246 of M9. These were then serially diluted and plated onto KB agar. Twelve colonies from each 247 replicate were taken per time point and grown overnight in 150 µL of altered M9, shaking at 248 28 ºC. Each clone was then checked for resistance against the ancestral phage using a phage 249 streak assay. Phage streak assays were incubated overnight at 28 ºC. 250
251
Measuring the cost of resistance. To determine whether any effect of phage was due to a cost 252 of resistance, we grew 12 replicates of P. fluorescens in the presence and absence of phage for 253 12 hours at 28 ºC. After 12 hours, each population was plated onto KB agar and grown for 2 254 days at 28 ºC. Three clones were isolated from each replicate and grown for two days in 255 modified M9 media. Each isolate was checked for resistance against the ancestral phage. 256
Growth curves of each clone were done using the methods described above, but inoculate 257 density was ~500,000 cells to reduce the lag phase and no phage was added. 258 259
Statistical analyses 260
Calculating exponential growth rate for bacteria. For bacterial growth, we wanted to 261 estimate exponential population growth rate in the presence and absence of phage, and for 262 resistant and susceptible clones. In the presence and absence of phage, prior to model fitting 263
we manually removed points which deviated from the expected shape of logistical growth. 264
These anomalies were likely caused by decreases in abundance due to phage infection. When 265 these fluctuations occurred in the exponential growth phase, they led to exponential growth 266 rate being underestimated, preventing the comparison between the exponential growth rate of bacteria in the presence of phage at some temperatures. After this initial data cleaning, we fitted 268 the Gompertz model 31 were fitted (e.g. Baranyi, Buchanan; Table S3 ), but the Gompertz model returned lower AIC 280 scores for the majority of model fits ( Figure S1 & Figure S2 ). 281
For susceptible and resistant clones, we cleaned the data by removing the first time 282 point where bubbles were likely and setting time zero to the time at which the first optical 283 density measurement was detected for each clone. We then initially used the same modelling 284 approach, but this time the Baranyi model without lag was the model most selected using AIC 285 scores ( Figure S4 ). However, after examining the predictions and residuals of the model fits 286
( Figure S5, Figure S6 ), we found that exponential growth rate was underestimated at 287 temperatures where bacteria grew best, and at these temperatures there was a significantly 288 greater underestimation of growth rate in susceptible, rather than resistant, bacteria ( Figure S7) . 289
Consequently, exponential growth rate per clone was calculated here using rolling regression, 290
taking the steepest slope of the linear regression between @== and time in hours in a 291 shifting window of every 4 time points as the estimate of exponential growth. Average growth rate per replicate was calculated by taking the mean clonal growth rate. After data cleaning and 293 model fitting, every growth curve had estimates of exponential growth rate which were then 294 used to model the thermal performance of bacteria. 295 296 Fitting thermal performance curves to phage and bacteria. Thermal performance curves 297 were fitted for phage replication rate and of bacteria in the presence and absence of phage, 298 and for resistant and susceptible bacterial clones. We used the Sharpe-Schoolfield equation for 299 high-temperature inactivation 34 , which extends the original Boltzmann equation to incorporate 300 a decline in growth rate beyond the optimum. 301
(2) 302 ( ) is the rate of phage replication or bacterial growth at temperature, , in Kelvin (K). 303
Instead of the intercept being at 0 K (-273.15 ºC), ( g ) is the rate at a common temperature, 304 g = 20 ºC (293.15 K) 35 .
(eV) is the activation energy that describes the temperature-305 dependence of the biological rate, is Boltzmann's constant (8.62 × 10 -5 eV K -1 ), 4 (eV) 306 characterises the high temperature-induced inactivation of enzyme kinetics and 4 (K) is the 307 temperature at which half the rate is inactivated due to high temperatures. Equation 2 yields an 308 optimum temperature, %&' , (K). 309
Maximal growth rate, )*+ , was calculated by using the estimated model parameters to predict 311 the rate at %&' . As in previous studies 16,17 , these 'traits' were then used to look for differences 312 across treatments. As phage replication was negative at high temperatures, an offset was added 313 to the equation to raise all rates above 0 to allow model fitting. This invalidated any 314 interpretation of the activation energy and deactivation energy for phage replication, but this is determined by bacteria growth rate which is also temperature dependent. Consequently, for 317 phage replication we concentrated on the optimum temperature ( %&' ) and critical thermal 318 maximum ( )*+ ) which is the temperature at which phage replication became negative at 319 high temperatures. 320
For phage and bacteria, Equation 2 was fitted to the data using non-linear regression in 321 a Bayesian framework using the R package 'brms' 36 . This method allows for prior information 322 on suitable parameter values and the estimation of uncertainty around predictions and 323 parameters, including derived parameters not present in the original model formulation such as 324 %&' , )*+ and )*+ . Different models were fitted for phage replication rate, exponential 325 growth rate of bacteria in the presence and absence of phage, and exponential growth rate of 326 resistant and susceptible bacterial clones. For the analysis including resistant and susceptible 327 clones, a random effect was added to account for the non-independence of measurements of 328 the same population across temperatures. For bacteria exponential growth rate, phage 329 presence/absence or susceptible/resistance was added as a factor that could alter each parameter 330 of the model. Models were run for 5000 iterations and 3 chains were used with uninformative 331 priors. Model convergence was assessed using posterior predictive checks, Rhat values (all 332 values were 1) and manually checking of chain-mixing. Differences between parameter 333 estimates are described using 95% credible intervals. Credible intervals of predictions and 334 parameters were calculated from the posterior distribution using the R package 'tidybayes' 37 . 335
Non-overlapping 95% credible intervals indicate statistical significance at (at least) the p = 336 0.05 level. 337
Using predictions from the model for bacterial growth, the relative fitness of bacteria 338 in the presence of phage was estimated across the continuous temperature range (15 -37 ºC). 339
The difference was calculated as a selection coefficient, where relative fitness at each 340 temperature, ( ), was calculated as: 341
where ( ) _*g' e &4*rJ is the growth rate at a given temperature in the presence of phage and 343 ( ) _*g' *k%-J is the growth rate in the absence of phage. When the 95% credible intervals of 344 the predictions do not cross 1, it indicates that phage significantly altered bacterial growth rate. 345
When there is overlap with the predictions and 1, it means there is no significant change in 346 relative fitness. An identical statistical approach was taken for analysing the growth rates of 347 susceptible and resistant clones. In this instance, the relative fitness across temperatures, ( ), 348
represented the cost of resistance. 
